Abstract: Extension of the storage stability of freeze-dried lactic acid bacteria is important for industrialization. In this study, the effect of cation influx from soy powder, which contains high amounts of cations, as a cryoprotective agent on the viability of freeze-dried Lactobacillus brevis WiKim0069 was tested. Compared to that in the absence of the soy powder, bacterial viability was significantly higher in the presence of soy powder. Approximately 4.7% of L. brevis WiKim0069 survived in the absence of the protective agent, whereas 92.8% viability was observed in the presence of soy powder. However, when cations were removed from the soy powder by using ethylenediaminetetraacetic acid (EDTA) and a cationic resin filter, the viability of L. brevis WiKim0069 decreased to 22.9-24.7%. When the soy powder was treated with ethylene glycol tetraacetic acid, the viability was higher than when it was pretreated with EDTA and a cationic resin filter, suggesting that Mg 2+ had a role in enhancing the viability of L. brevis WiKim0069. Cold adaptation at 10 • C prior to freeze-drying had a positive effect on the storage stability of freeze-dried L. brevis WiKim0069, with 60.6% viability after 56 days of storage. A decrease in the fluorescence polarization value indicated an increase in membrane fluidity, which regulates the activity of ion channels present in the cell membrane. Cold adaptation caused activation of the cation channels, resulting in increased intracellular influx of cations, i.e., Ca 2+ and Mg 2+ . These results suggest that cold adaptation can be used to improve the storage stability of L. brevis WiKim0069.
Introduction
Lactic acid bacteria (LAB) play a major role in various fermented foods and beverages, such as kimchi, cheese, yoghurt, and rice wine [1] . Although the quality characteristics of fermented products mainly depend on the LAB species engaged in the fermentation process [2, 3] , many fermented products depend on natural fermentation by various LAB present in the raw materials, often leading to inconsistent quality of the end products. The backslopping method, in which small amounts of a previous fermentation culture are inoculated into the new batch, has been used on a small scale to prevent fermentation failure. However, for large-scale production for commercialization, a large amount of LAB starters are required to improve sensory quality and guarantee uniform quality of the final products.
An important consideration in the industrial use of LAB is to maintain their viability during the distribution process. Freeze-drying is widely used for long-term storage of LAB starters [4] . However, Appl. Sci. 2018, 8, 2189 2 of 10 during the process, LAB cells are exposed to high levels of stress, such as ice crystallization, extreme pH, and low temperature [5, 6] . Moreover, the membrane structure of the LAB is often damaged during the process of freezing and thawing, resulting in reduced viability [7] . Protective agents are often employed to enhance the viability of LAB. Various substances have been used as a protective agent, including sugar, polyols, amino acids, and salts [8] [9] [10] [11] . However, the protective effects of the agents during the freeze-drying process and subsequent storage vary with the LAB species [12] .
There are many reports on the mechanisms of the protective agents with regard to microorganism viability. Different sugars, e.g., sucrose, trehalose, and lactose, have been reported to maintain the stability of the cell membrane through preferential exclusion and replacement of water during freezing and freeze-drying [13] . When glycerol is used as the agent, excessive formation of ice crystals is reduced. The reaction between the amino acid group of nitrogen sources and the carbonyl group of LAB stabilizes protein structure [14] . Both the content of the agents and their different mechanisms caused a difference in viability of LAB [15] . It is known that the osmotic balance inside and outside the cell, regulated by an influx of cations such as calcium or magnesium during freeze-drying, plays an important role in reducing the damage caused by dehydration [16] [17] [18] [19] [20] [21] . However, the underlying mechanisms remain largely unclear, as there are few studies because of the difficulty in measuring cation influx.
In this study, the survival rate of Lactobacillus brevis WiKim0069 in the presence or absence of cations, i.e., calcium and/or magnesium, was examined. In addition, the relationship between cation influx and the viability of L. brevis WiKim0069 after freeze-drying was investigated by promoting cation influx.
Materials and Methods

Bacterial Strains and Culture Condition
Lactobacillus brevis WiKim0069 (KCCM12134P) was used in this study. L. brevis WiKim0069 was cultured in De Man, Rogosa, and Sharpe (MRS) medium (Difco Laboratories, Sparks, MD, USA) at 30 • C for 24 h anaerobically. Bacterial cultures were stored in 1.5-mL cryovial tubes (Simport, Beloein, QC, Canada) at −80 • C (MDF4V; Panasonic, Tokyo, Japan) to avoid genetic changes due to successive culturing. When necessary, a bacterial stock was thawed at 25 • C and transferred to a 500-mL Erlenmeyer flask containing 100 mL of MRS medium.
Cation Analysis
Cationic species (Mg 2+ and Ca 2+ ) were analyzed by ion chromatography using a Dionex ICS-5000 instrument (Thermo Scientific, Sunnyvale, CA, USA) equipped with a capillary cation exchange column (Dionex IonPac CS12A, 4 × 250 mm, Thermo Scientific) and a guard column (Dionex IonPac CG12A, 4 × 50 mm, Thermo Scientific). Methanesulfonic acid (20 mM) was used as the mobile phase and was produced by an eluent generator (Dionex ICS 5000EG, Thermo Scientific). The flow rate was 1 mL/min. The column temperature was maintained at 30 • C before injection. Samples were filtered through a 0.45-µm syringe filter, and the injection volume was 25 µL. All the instrumental control and data processing were conducted using Chromeleon System version 7 software (Thermo Scientific).
Cation Removal from the Cryoprotective Agent
Soy powder (Tatua, Morrinsville, New Zealand) was used as food-grade cryoprotective agent to enhance the viability of L. brevis WiKim0069 during freeze-drying. Calcium and magnesium were removed from the agents according to the method reported by Potter and Gergely [22] , with slight modification. Cations in the cryoprotective agents were removed using 0.5 M ethylenediaminetetraacetic acid (EDTA) (Sigma, St. Louis, MO, USA), 0.5 M ethylene glycol tetraacetic acid (EGTA) (Sigma), or a cationic resin filter (ZEBA Spin Desalting Columns, Thermo Scientific). Briefly, soy powder was solubilized at 20% (w/v) in distilled water. Then, 0.5 mL of 0.5 M EDTA or 0.5 M EGTA was added to 10 mL of cryoprotective agent, mixed for 10 min, and centrifuged at 8000× g for 10 min. Following completion of cation removal, cation concentrations were measured by ion chromatography as described above. The cell suspension at concentration of 2 × 10 11 cells/mL was mixed with an equal amount of sterile 20% solution of soy powder. The same amount of distilled water was used as a control. After they were placed at 4 • C for 2 h, the suspensions were transferred at −20 • C for 2 h prior to freeze-drying (Freeze-dryer FDB; Operon, Gimpo, Korea) at −80 • C for 24 h [23] .
Storage Stability Assay
The broth of 24 h cultured L. brevis WiKim0069 was subjected to 2 h of cold stress at 10 • C. It was centrifuged at 8000× g for 10 min and rinsed three times with 0.9% saline solution. The cells were suspended at 1 × 10 11 cells/mL in sterile soy powder solution and transferred to −20 • C for 2 h prior to freeze-drying (Freeze-dryer FDB) at −80 • C for 24 h. The freeze-dried samples were stored at −18 • C for 56 days.
L. brevis WiKim0069 Viability Assay
The viability of freeze-dried samples was determined periodically. The randomly selected samples were suspended in sterile 0.9% saline solution, serially diluted, and poured onto MRS plates. After the plates were kept at 30 • C for 48 h, the number of resulting colonies was converted into bacterial cell number per mL of the original sample.
Confocal Microscopy
L. brevis WiKim0069 cells were loaded with 5 µM Fluo-4 AM (Thermo Fisher Scientific Korea, Seoul, Korea) for the detection of Ca 2+ and with Mag-Fluo-4 AM (Thermo Fisher Scientific Korea) for the detection of Mg 2+ in staining solution (125 mM NaCl, 5 mM KCl, 2 mM KH 2 PO 4 , 4 mM EDTA, 25 mM HEPES, 6 mM glucose; pH 7.4) at 30 • C for 45 min [24] . The cells were washed three times with staining solution and visualized under a confocal microscope (Zeiss LSM 710; Carl Zeiss, Oberkochen, Germany). Fluo-4 and Mag-Fluo4 were excited at 488 nm, and fluorescence emission was measured at 520 nm.
Fluorescence Polarization Measurements
L. brevis WiKim0069 cells from a 24-h culture were harvested by centrifugation at 5000× g for 10 min, washed twice with 50 mM morpholineethanesulfonic acid (MES) at pH 6.2, and resuspended in the same buffer. Then, 5 µL of 1,6-diphenyl-1,3,5-hexatriene (DHP) solution (in 6 mM tetrahydrofuran) was added to 2 mL of the cell suspension to obtain a final DHP concentration of 30 µM [25] . The cell suspension was vigorously stirred for 1 min and centrifuged, and the pellet was resuspended in 2 mL of MES buffer and used immediately for fluorescence polarization (P) measurements at 30 • C using a microplate reader (SpectraMax i3X, Molecular Devices, Sunnyvale, CA, USA) with excitation and emission at 360 and 430 nm, respectively. P (which is unitless) was calculated using the following equation:
where I and I ⊥ are the fluorescence intensities of the emitted light with the polarization plane parallel and perpendicular to the excitation beam, respectively [26, 27] .
Statistical Analysis
Data are presented as the mean of three independent experiments. Data were analyzed using SPSS (Version 19; IBM, Chicago, IL, USA). ANOVA followed by Tukey's HSD test was used to determine significant differences between treatments at p < 0.05.
Results
Cation Contents in Protective Agent
The food-grade cryoprotective agent contained divalent cations, i.e., calcium and magnesium, at concentrations ranging from 138 to 500 ppm (Table 1) . Soy powder contained 170 ppm of calcium ions and 500 ppm of magnesium ions, respectively. When EDTA, EGTA, or a cationic resin filter was applied to remove divalent cations from soy powder, the cation contents were dramatically reduced. EDTA and cationic resin filter effectively chelated both the divalent cations in the agent, resulting in a >40% reduction in the original amounts of cations. EGTA chelated calcium ions rather than magnesium ions. 
Protective Agent Enhances the Viability of Freeze-Dried L. brevis WiKim0069
The viability of L. brevis WiKim0069 after freeze-drying was significantly enhanced in the presence of soy powder as a protective agent (F = 1569; df = 4,10; p < 0.001) (Figure 1 ). Approximately 4.7% of L. brevis WiKim0069 survived freeze-drying in the absence of soy powder, whereas viability was 92.8% in the presence of the protective agent. However, when the soy powder was pretreated with EDTA or a cationic resin filter, the viability of L. brevis WiKim0069 decreased to 22.9-24.7%. When the soy powder was pretreated with EGTA, the viability was higher than that of EDTA pretreatment, showing 41.8%. Data are presented as the mean of three independent experiments. Data were analyzed using SPSS (Version 19; IBM, Chicago, IL, USA). ANOVA followed by Tukey's HSD test was used to determine significant differences between treatments at p < 0.05.
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Cation Contents in Protective Agent
Protective Agent Enhances the Viability of Freeze-Dried L. brevis WiKim0069
The viability of L. brevis WiKim0069 after freeze-drying was significantly enhanced in the presence of soy powder as a protective agent (F = 1569; df = 4,10; p < 0.001) (Figure 1 ). Approximately 4.7% of L. brevis WiKim0069 survived freeze-drying in the absence of soy powder, whereas viability was 92.8% in the presence of the protective agent. However, when the soy powder was pretreated with EDTA or a cationic resin filter, the viability of L. brevis WiKim0069 decreased to 22.9-24.7%. When the soy powder was pretreated with EGTA, the viability was higher than that of EDTA pretreatment, showing 41.8%. Cold adaptation at 10 • C prior to the freeze-drying process had a positive effect on the storage stability of freeze-dried L. brevis WiKim0069 (Figure 2 ). In the absence of soy powder, no significant effect of cold adaptation at 10 • C on the viability of L. brevis WiKim0069 was observed. However, in the presence of soy powder, the viability of cold-adapted L. brevis WiKim0069 was increased. Fifty-six days after storage, the viability of cold-adapted L. brevis WiKim0069 was 60.6%, whereas only 37.4% of cells survived when cold adaptation was not applied, suggesting that cold adaptation enhances the positive effect of soy powder on the storage stability of freeze-dried L. brevis WiKim0069. 
Cold Adaption Enhances the Storage Stability of L. brevis WiKim0069 Freeze-Dried in the Presence of Soy Powder
Cold adaptation at 10 °C prior to the freeze-drying process had a positive effect on the storage stability of freeze-dried L. brevis WiKim0069 (Figure 2 ). In the absence of soy powder, no significant effect of cold adaptation at 10 °C on the viability of L. brevis WiKim0069 was observed. However, in the presence of soy powder, the viability of cold-adapted L. brevis WiKim0069 was increased. Fiftysix days after storage, the viability of cold-adapted L. brevis WiKim0069 was 60.6%, whereas only 37.4% of cells survived when cold adaptation was not applied, suggesting that cold adaptation enhances the positive effect of soy powder on the storage stability of freeze-dried L. brevis WiKim0069. 
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Cold Adaption Enhances Cation Influx
To investigate the correlation between viability and cations inside L. brevis WiKim0069 during freeze-drying, the cation influx was measured by confocal microscopy using Fluo-4 AM (to visualize Ca 2+ ) and Mag-Fluo-4 AM (to visualize Mg 2+ ). Intracellular Ca 2+ influx was observed in the presence of soy powder (Figure 3a) . Ca 2+ influx was further increased when L. brevis WiKim0069 was coldadapted prior to the freeze-drying process. However, when the soy powder was treated with EDTA, a cationic resin filter, or EGTA, Ca 2+ influx was not observed. Similar to Ca 2+ influx, Mg 2+ influx was observed in the presence of soy powder (Figure 3b ). Pretreatment with EDTA or a cationic resin filter caused a reduction in Mg 2+ influx, whereas treatment with EGTA had no effect on Mg 2+ influx. These 
To investigate the correlation between viability and cations inside L. brevis WiKim0069 during freeze-drying, the cation influx was measured by confocal microscopy using Fluo-4 AM (to visualize Ca 2+ ) and Mag-Fluo-4 AM (to visualize Mg 2+ ). Intracellular Ca 2+ influx was observed in the presence of soy powder (Figure 3a) . Ca 2+ influx was further increased when L. brevis WiKim0069 was cold-adapted prior to the freeze-drying process. However, when the soy powder was treated with EDTA, a cationic resin filter, or EGTA, Ca 2+ influx was not observed. Similar to Ca 2+ influx, Mg 2+ influx was observed in the presence of soy powder (Figure 3b ). Pretreatment with EDTA or a cationic resin filter caused a reduction in Mg 2+ influx, whereas treatment with EGTA had no effect on Mg 2+ influx. These results indicated that cold adaptation at 10 • C prior to freeze-drying increases the intracellular cation influx, resulting in enhanced viability of freeze-dried L. brevis WiKim0069.
Appl. Sci. 2018, 8, x FOR PEER REVIEW 6 of 10 results indicated that cold adaptation at 10 °C prior to freeze-drying increases the intracellular cation influx, resulting in enhanced viability of freeze-dried L. brevis WiKim0069. 
Cold Adaption Enhances the Activity of Cation Channels Present in the Bacterial Cell Membrane
To unravel how intracellular cation influx was induced by cold adaptation, fluorescence polarization was determined as a measure of membrane fluidity, which regulates the activity of ion channels present in the cell membrane (Figure 4) . Cold adaptation at 10 • C prior to freeze-drying resulted in a decrease in the fluorescence polarization value of 0.543P. This result suggested that Ca 2+ and Mg 2+ influx was increased because of improved cation channel activity caused by increased cell membrane fluidity.
To unravel how intracellular cation influx was induced by cold adaptation, fluorescence polarization was determined as a measure of membrane fluidity, which regulates the activity of ion channels present in the cell membrane (Figure 4) . Cold adaptation at 10 °C prior to freeze-drying resulted in a decrease in the fluorescence polarization value of 0.543P. This result suggested that Ca 2+ and Mg 2+ influx was increased because of improved cation channel activity caused by increased cell membrane fluidity.
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Discussion
In our previous study, food-grade soy powder was shown to have a protective effect on LAB cell viability during freeze-drying and subsequent storage [4] . Soy powder contains plenty of amino acids, sugars, and minerals, which could play a role in their cryoprotective effect. However, it remained unclear which component in the protective agent is critical for its effect. In this study, we found that the improved viability of L. brevis WiKim0069 cells freeze-dried in the presence of soy powder could be explained by enhanced cation influx induced by the protective agent. It was clear that increased intracellular Ca 2+ and Mg 2+ showed a protective effect against detrimental effects of freeze-drying; however, cation influx alone did not explain the difference in viability of L. brevis WiKim0069 when soy powder was used as the protective agent. Further study is required to investigate which soy powder component other than divalent cations plays a crucial role in the protection of L. brevis WiKim0069 during freeze-drying.
Considering the changes observed in the viability of L. brevis WiKim0069 upon pretreatment of the agent with a cation chelator (i.e., EDTA, EGTA, or a resin filter), the amount of cations has a critical impact on cell viability during freeze-drying. Of the two cations tested, calcium ions had a 
Considering the changes observed in the viability of L. brevis WiKim0069 upon pretreatment of the agent with a cation chelator (i.e., EDTA, EGTA, or a resin filter), the amount of cations has a critical impact on cell viability during freeze-drying. Of the two cations tested, calcium ions had a stronger effect than magnesium ions. EDTA has a high affinity for metal ions, and accordingly, the amount of cations in soy powder was reduced by half. On the other hand, EGTA is selective for calcium ions and thus, had less effect on the content of magnesium ions. Considering the differential effects of EDTA and EGTA on the amount of cations remaining in the bacterial cells, the viability of L. brevis WiKim0069 was more improved by calcium ions than by magnesium ions.
It is well known that cation influx can enhance the viability of microorganisms through various mechanisms. Increased intracellular calcium ions induce the activation of calcineurin, which is a Ca 2+ /calmodulin-dependent serine/threonine protein phosphatase [28, 29] . Wang et al. [21] reported that intracellular Mg 2+ homeostasis is involved in resistance to external stress. The presence of Mg 2+ minimizes the damage caused by osmotic pressure [30, 31] . To the best of our knowledge, this study is the first to describe LAB resistance to freeze-drying caused by cation influx, resulting in increased viability of freeze-dried cells. Confocal microscopic observations supported the protective effect of cation influx on freeze-dried LAB. We reason that the accumulation of intracellular cations contributed to the extension of the shelf life of freeze-dried LAB.
Cold adaptation has been extensively studied and found to improve cryotolerance in various bacterial species. Cold stress prior to freezing induces a higher proportion of unsaturated fatty acids in the plasma membrane, which leads to a decrease in the solid-liquid phase transition temperature [32] . Certain fatty acids are closely related to stress responses: C16:0 and C18:2 fatty acids were observed in L. acidophilus grown at low temperature, and C18:1 fatty acids were increased in L. plantarum as a result of low temperature [33, 34] . In this study, we focused on the effect of cold adaptation on cation influx because intracellular cation concentration was closely related to the viability of L. brevis WiKim0069 cells. Considering the decrease in the fluorescence polarization value after cold adaptation, the membrane fluidity increased with cold stress adaptation, resulting in enhanced cation channel activity. The increased cell viability might thus have resulted from the enhancement of intracellular cation influx.
In conclusion, cation influx enhanced the resistance of L. brevis WiKim0069 to freeze-drying, resulting in increased viability. Intracellular cation accumulation had a positive effect on the shelf life of freeze-dried L. brevis WiKim0069. Considering the differential effects of EDTA and EGTA on the amount of cations remaining in the bacterial cells, the viability of L. brevis WiKim0069 was affected more strongly by calcium than by magnesium ions. Cold adaptation caused activation of the cation channels, increased the intracellular influx of cations, i.e., Ca 2+ and Mg 2+ , and resulted in extension of the storage stability of L. brevis WiKim0069. Thus, our findings emphasize the importance of cation influx on the viability of L. brevis WiKim0069 during freeze-drying and subsequent storage, and support the use of cold adaptation as a means for improving storage stability.
